Waveform inversion (WI), which has been used primarily for high-resolution velocity analysis, can also be employed to obtain the source parameters of microseismic events. Here, we implement WI to estimate the location, origin time, and seismic moment tensor of microseismic sources embedded in heterogeneous VTI (transversely isotropic with a vertical symmetry axis) media. The algorithm operates with multicomponent wavefields modeled using an elastic anisotropic finite-difference code. The gradient of the objective function for the three classes of parameters is calculated with the adjoint-state method under the assumption that the velocity field is known. Synthetic tests for data recorded by vertical receiver arrays show that it is possible to tightly constrain all source parameters, if a sufficiently accurate initial model and high-quality data are available. In particular, the source location in layered VTI media can be estimated simultaneously with the moment tensor. The resolution of event location, however, somewhat decreases when the origin time is unknown or there are errors in the velocity model.
Introduction
Applications of waveform inversion in exploration seismology have been mostly limited to velocity tomography. Seismic waveforms, however, contain information that can be used to constrain other important quantities, such as parameters of earthquake sources. Recently, waveform inversion has been extended to elastic and anisotropic media, which makes it appropriate for multicomponent reflection and microseismic data. Also, WI has been employed to estimate earthquake source parameters in global seismology (Liu and Tromp, 2006) and geothermal studies. These techniques incorporate the adjointstate method (Plessix, 2006) as a practical way to calculate the gradient of the objective function. The main advantage of this method is that the gradient for all model parameters is computed using only two numerical-modeling simulations.
Following the approach described in Kim et al. (2011) , Jarillo Michel and Tsvankin (2014) implement WI gradient calculation for the source location x s and moment tensor M of a microseismic event in a 2D VTI medium. They also show that the adjoint wavefield can be used to identify the presence of missed sources and, in general, improve the initial source position for WI. Here, we use the algorithm of Jarillo Michel and Tsvankin (2014) to develop a 2D waveform-inversion methodology for estimating the microseismic source parameters (x s , M, and the origin time t 0 ) in anisotropic media.
Inverse problem
The wave equation for a dislocation-type source located at point x s in heterogeneous anisotropic media can be written as (Aki and Richards, 2002) :
where u(x,t) is the displacement field, t is time, c i jkl is the stiffness tensor (i, j, k, l = 1, 2, 3), ρ (x) is the density, M i j is the seismic moment tensor, S(t) is the source time function, and δ (x − x s ) is the spatial δ -function.
We use finite-difference (FD) algorithm sfewe in MADAGASCAR to obtain the exact 2D wavefield from equation 1 for VTI media. Our goal is to invert the in-plane polarized waves (the SH mode is not included) for the source coordinates x s 1 and x s 3 , the event origin time t 0 , and the moment-tensor elements M 11 , M 13 , and M 33 assuming that the VTI velocity model is known (e.g., using the method of Grechka and Yaskevich (2013) ). Hence, the vector of model parameters to be estimated by WI is defined as:
We assume the elastic displacement field u(x s , x r n ,t) to be excited by a single source at x s and recorded by receivers located at x r n (n = 1, 2, ..., N). The time-domain data residuals are measured by the leastsquares objective function F , which is minimized by the inversion algorithm:
where d obs and d pre (m) are the observed and predicted displacements, respectively. We carry out simultaneous inversion for x s , t 0 , and M employing the nondimensionalization approach suggested by Kim et al. (2011) . That approach eliminates the difference between the units of different parameter classes, which makes possible simultaneous parameter updating. Estimation of M, x s , and t 0 requires the trial source to be within about one-half of the predominant wavelength from the actual source location to avoid cycle-skipping. Application of the adjoint-state method
The adjoint-state method is designed to efficiently calculate the derivatives of the objective function with respect to the model parameters, ∂ F (m)/∂ m. The gradient of the objective function for our problem is obtained in Kim et al. (2011) and Jarillo Michel and Tsvankin (2014) :
where x ts is the trial source location, T is the recording time,
is the adjoint strain tensor, and M : ε † is the double inner product of the tensors M and ε † . Equations 4 -6 applied to the 2D problem at hand yield the gradient vector g for the six source parameters:
For inversion purposes, the derivatives in equations 4 -6 are needed only at the trial source position. The derivatives for x s and t 0 (equations 4 and 5) include the double-inner product M : ε † (x ts ,t), which involves summation over all elements of M. Due to this dependence, stable inversion for the source location and origin time requires an accurate initial model for the moment tensor. In the current implementation the velocity parameters are assumed known. However, the developed algorithm can be used to find the gradient for the VTI coefficients as well.
Numerical results
The algorithm was tested on wavefields from dislocation-type dip-slip sources embedded in homogeneous and horizontally layered VTI models. In all experiments, the observed data represent a single microseismic event recorded by a vertical array of closely spaced receivers. For the model in Figure 1 , we invert for the parameters x s 1 , x s 3 , M 11 , M 13 , and M 33 with the origin time t 0 fixed at the actual value. The source coordinates and all elements of the moment tensor are estimated with high accuracy ( Figure  2) ; the errors in x s 1 and x s 3 are on the order of centimeters. Evidently, for the 2D problem the direct P and SV arrivals recorded in a single borehole provide sufficient information to constrain x s and M.
Then, the test for the same model was repeated assuming that all source parameters (x s , t 0 , and M) are unknown. In general, for our acquisition geometry the parameters x s and t 0 are decoupled and should not generate trade-offs during the inversion. However, as the trial model approaches the actual one, traveltime shifts of P-and SV-waves produced by further perturbations in x s and t 0 become too small to guide the inversion toward the actual model. As a result, the obtained coordinate x s 1 and time t 0 are slightly distorted. We also evaluated the influence of velocity distortions and showed that the algorithm produces reasonably accurate results for errors in the anisotropy coefficients on the order of 0.1 − 0.15.
In addition to synthetic data, we will also present preliminary WI results for a field data set from the Bakken shale play. We inverted the windowed vertical and horizontal displacements measured in a borehole for the parameters x s , t 0 , and M using the anisotropic velocity model obtained by Grechka and Yaskevich (2014) . 
Conclusions
We presented a WI methodology for simultaneous estimation of the source parameters (location x s , origin time t 0 , and moment tensor M) of microseismic events from multicomponent data. The waveforminversion algorithm operates with the elastic anisotropic wave equation and is designed for dislocationtype sources embedded in 2D heterogeneous VTI media. The gradient of the objective function is calculated with the adjoint-state method followed by "nondimensionalization" designed to handle updating for different parameter classes.
Synthetic tests were performed for data recorded by a dense vertical array of two-component receivers in horizontally layered VTI models. If the initial model is located within the basin of convergence, WI accurately estimates the parameters x s , t 0 , and M. Also, the algorithm remains stable in the presence of moderate velocity errors and realistic levels of noise. Although the VTI parameters were assumed known, they can be included in the adjoint calculation at little additional cost. 
